Introduction {#s1}
============

In spite of the pioneering Golgi studies of [@BHV045C89] and some recent studies ([@BHV045C52], [@BHV045C53]; [@BHV045C18]; [@BHV045C22]a; [@BHV045C3]; [@BHV045C103]; [@BHV045C73]), the analysis of neuronal circuits in the human cerebral cortex has lagged behind that in other mammals, largely due to the lack of suitable tissue. A particular challenge in human and other animal cortices is the identification of the highly diverse GABAergic neuronal types, and the definition of homologies between cell types in the human and the extensively investigated rodent cortex. An informative approach is to compare the molecular expression profiles of different neurons together with their axonal and dendritic patterns, a method that has proved revealing in some cases ([@BHV045C28]; [@BHV045C48]; [@BHV045C109], [@BHV045C110]; [@BHV045C79]). Although species-to-species variability in the expression of signaling molecules has been described ([@BHV045C18]; [@BHV045C119]; [@BHV045C13]), there are also highly conserved patterns of consistent molecular characteristics that correlate with synaptic connections of a given cell type. For example, a subpopulation of soma-innervating basket cells expresses the calcium-binding protein parvalbumin in all cortical areas of all species. Molecular and physiological diversity among cortical GABAergic interneurons is controlled by the action of sets of transcription factors resulting in exquisitely specific synaptic circuitry. Developmental abnormalities lead to psychiatric conditions ([@BHV045C93]; [@BHV045C62]; [@BHV045C45]; [@BHV045C57]).

Transcription factors are promising markers of cell identity in both the adult and the developing cortex ([@BHV045C56]; [@BHV045C88]; [@BHV045C15]; [@BHV045C58]; [@BHV045C71]; [@BHV045C51]; [@BHV045C63]). Cortical GABAergic interneurons are generated in the telencephalic neuroepithelium of the subpallium and migrate to the cortical mantle under the control of transcription factors such as Dlx1, 2, and 5, Arx, Lhx6, Cux2, NPAS1, MafB, and COUP-TFII \[[@BHV045C113]; for review, see [@BHV045C117]); [@BHV045C71])\]. Different areas in the ganglionic eminences are delineated by the expression of partially distinct transcription factors ([@BHV045C76]; [@BHV045C118]; [@BHV045C27]; [@BHV045C116]; [@BHV045C51]). There are indications that neurons generated in different parts of the ganglionic eminences become different interneuronal types, that is, they end up occupying distinct synaptic and activity-related temporal positions in the cortical network ([@BHV045C76]). Some transcription factors involved in development are also retained in adult cortical neurons ([@BHV045C15]; [@BHV045C61], [@BHV045C60]) and may continue to contribute to their circuit positions. In the mouse, a given transcription factor is expressed only in some types of GABAergic neuron as revealed by the expression of calcium-binding proteins and neuropeptides ([@BHV045C1]; [@BHV045C26]; [@BHV045C14]). However, these widely used molecular cell markers do not identify an interneuron type in terms of connectivity, as all of them are expressed in cells with distinct spatio-temporal and synaptic features. With few exceptions, only a combination of expressed molecules can delineate and define a cell type ([@BHV045C12]; [@BHV045C74]; [@BHV045C110]), and further molecular combinations, including transcription factors, in both animal and human cortical neurons may help to define neuronal phenotypes.

The steroid/thyroid hormone receptor superfamily of proteins includes chicken ovalbumin upstream promoter transcription factors I and II (COUP-TFs, II is also known as Nr2f2), and these are expressed in the dorsal medial ganglionic eminence and the caudal ganglionic eminence (CGE), as well as in migratory and adult interneurons, and have been shown to be necessary for interneuronal adhesion ([@BHV045C113]) and development ([@BHV045C114]; [@BHV045C2]) in the mouse. Originally recognized as transcriptional activators for the chicken ovalbumin gene, COUP-TFs have been shown to be repressors and activators of several genes ([@BHV045C114]; [@BHV045C2]), and COUP-TFII is widely expressed during organogenesis. High levels of this protein occur in the salivary gland, the lung and esophagus, the stomach, the pancreas primordium, the prostate, and the kidney ([@BHV045C114]), and it is expressed in some cells of the blood vessels ([@BHV045C120]). During neurogenesis, embryonic Cajal--Retzius cells, which play a crucial role in guiding migrating cortical interneurons, contain COUP-TFII ([@BHV045C113]). In both the rodent and human cerebral cortex, a large fraction of interneurons derived from the dorsal lateral ganglionic eminence (dLGE) and the CGE ([@BHV045C61], [@BHV045C60]). In the human brain, COUP-TFII expression was also described in the subventricular proliferative zones ([@BHV045C91]) of the dorsal pallium. COUP-TFII is also expressed in interneurons of the adult rodent hippocampus where the cell types and their contribution to network activity have been explored ([@BHV045C31]). To characterize human cortical neurons that express COUP-TFII and to test if the presence of this transcription factor is predictive of cell type identity, we used human cortical biopsies for whole-cell, patch-clamp recording in vitro combined with imunohistochemical characterization of the recorded cells and neuronal populations in immunohistochemically colocalization experiments.

Materials and Methods {#s2}
=====================

All procedures concerning patients were performed with the approval of the University of Szeged and in accordance with the Declaration of Helsinki. Human cortical brain slices were obtained from association cortices. Patients were diagnosed with deep brain tumors, and written informed consent was obtained prior to surgery (aged 18--72 years *n* = 10, 7 males and 3 females; Table [1](#BHV045TB1){ref-type="table"}). Samples were taken from sites at least 1.5 cm from the edge of the tumor mass. Cortical tissue at the immediate vicinity of the area used for experiments underwent neuropathological examination, and samples showing pathological alterations were not included in this study. Anesthesia was induced with intravenous midazolam and fentanyl (0.03 mg/kg, 1--2 μg/kg, respectively). A single dose of propofol (1--2 mg/kg) was administered intravenously. To facilitate endotracheal intubation, the patient received 0.5 mg/kg rocuronium. After 2 min, the trachea was intubated and the patient was ventilated with a mixture of O~2~--N~2~O at a ratio of 1 : 2. Anesthesia was maintained with sevoflurane at a minimal alveolar concentration volume of 1.2--1.5. Blocks of healthy tissues were removed from medial or inferior parts of the gyrus temporalis, and incubated in oxygenated cold Ca^2+^-free artificial cerebrospinal fluid. Cortical slices were prepared at 350 μm thickness as described previously ([@BHV045C103]), and the remaining blocks of tissue were immersed in a fixative containing 4% paraformaldehyde and approximately 0.2% (w/v) picric acid dissolved in 0.1 M PB pH 7.2--7.4, for 4--10 h for immunohistochemical experiments. Table 1Origin and location of biopsiesPatient codeSexAge (years)Cortical area1Male37Left gyrus temporalis inferior, middle third2Male72Left gyrus temporalis medialis, middle third3^a^Male48Left gyrus temporalis inferior, middle third4^a^Male36Right gyrus temporalis inferior, middle third5^a^Female18Right gyrus temporalis medialis, middle third6Female49Left gyrus temporalis medialis, middle third7Male54Right gyrus temporalis medialis, middle third8Male46Right gyrus temporalis medialis, middle third9Male54Right gyrus temporalis medialis, middle third10Female71Left gyrus temporalis medialis, posterior third[^1]

Electrophysiology {#s2a}
-----------------

Cortical slices were incubated at room temperature for 1 h in a solution composed of (in mM) 130 NaCl, 3.5 KCl, 1 NaH~2~PO~4~, 24 NaHCO~3~, 1 CaCl~2~, 3 MgSO~4~, and 10 D(+)-glucose, saturated with 95% O~2~ and 5% CO~2~. The solution used during recordings differed only in that it contained 3 mM CaCl~2~ and 1.5 mM MgSO~4~. Recordings were obtained at approximately 35 °C from neurons visualized by infrared differential interference contrast videomicroscopy using a BX60WI microscope (Olympus, Tokyo, Japan), a Hamamatsu CCD camera (Bridgewater, NJ, USA), Luigs & Neumann infra-patch set-up (Ratingen, Germany), and a HEKA Elektronik EPC 10/double patch-clamp amplifier (Lambrecht/Pfalz, Germany). Micropipettes (5--7 MΩ) were filled with (in mM) 126 K-gluconate, 4 KCl, 4 ATP-Mg, 0.3 GTP-Na~2~, 10 HEPES, 10 creatine phosphate, and 8 biocytin at pH 7.25 at 300 total mOsm. Signals were filtered at 5 kHz, digitized at 10 kHz, and analyzed with the PULSE software (HEKA Elektronik). At the end of the recording, special care was taken not to remove the cell nucleus with the patch electrode. Intrinsic membrane properties (resting membrane potentials, input resistance, time constant, sag, and rebound) and firing parameters (AP amplitude, half width, threshold, afterhyperpolarization amplitude, and firing pattern in response to rheobasic and larger amplitude current injections) of the recorded cells were analyzed with the PULSE software (HEKA Elektronik). Membrane potential values were corrected by the junction potential, which was 13.74 mV. Measurements could be taken from 15 of the 17 biocytin-labeled cells that were immunopositive for COUP-TFII. The quality of recording was suboptimal for one cell, but it was recovered for anatomical analysis.

Immunohistochemistry of Biocytin-Labeled Cells {#s2b}
----------------------------------------------

Following recording, the slices were immersed in a fixative containing 4% paraformaldehyde and approximately 0.2% (w/v) picric acid dissolved in 0.1 M PB pH 7.2--7.4, for 4--6 h at 4 °C, and resectioned at 60 μm thickness. Following washing in PB, the recorded cells were first visualized with overnight incubation in Alexa-488-conjugated streptavidin (Molecular Probes, Leiden, The Netherlands), diluted 1 : 1000 in 0.1 M PB containing 0.05% NaN~3~. After examination by epifluorescence microscopy, the sections containing the somata of the labeled neurons were incubated in 5% normal horse serum and diluted in 0.1 M PB (blocking buffer containing 0.05% NaN~3~) to block nonspecific antibody-binding sites. Thereafter, the sections were incubated in mouse-anti-COUP-TFII (1 : 1000, Perseus Proteomics, Inc., Tokyo, Japan) dissolved in a blocking buffer. After several washes in 0.1 M PB, the immunoreactions were visualized with Cy3- or Cy5-conjugated donkey-anti-mouse antibodies (1 : 500, Jackson Immunoresearch, West Grove, PA, USA). Following evaluation of the immunoreaction, the sections were further incubated in a mixture of primary antibodies containing goat-anti-calretinin (1 : 1000, Swant, Bellinzona, Switzerland) and rabbit-anti-pro-cholecystokinin (CCK) (1 : 2000, gift from Andrea Varro, Liverpool University). After an extensive wash in 0.1 M PB, the sections were further incubated in a mixture of Alexa350-conjugated donkey-anti-sheep (1 : 250, Molecular Probes) and Cy3- or Cy5-conjugated donkey-anti-rabbit antibodies (1 : 500, Jackson Immunoresearch). We have used donkey-anti-sheep secondary antibody for the detection of the antibody to calretinin raised in goat, as the secondary antibody cross-reacted with both goat and sheep antibodies and produced a clear signal. All antibody incubations were conducted for approximately 16--20 h at room temperature. To reduce the high autofluorescence of lipofuscin in the fixed tissue sections, additional Sudan Black B (Sigma-Aldrich, Dorset, UK) treatment was performed (see below).

The sections were mounted on slides in Vectashield (Vector Laboratories, Burlingame, CA, USA). After photography, the sections were demounted, washed in PB, and biocytin was visualized with the avidin-biotinylated horseradish peroxidase method (ABC kit, Vector Laboratories) using 3-3′-diaminobenzidine (DAB, Sigma-Aldrich) as a chromogen as described previously ([@BHV045C9]). Three-dimensional light microscopic reconstructions of dendritic and axonal fields were produced using Neurolucida (MicroBrightField, Williston, VT, USA) and a ×100 objective. Areas rich in axons from selected neurons were further processed for electron microscopic analysis of synaptic targets using serial sections mounted on single-slot Pioloform-coated copper grids. Axonal profiles filled by biocytin were followed and tilted as necessary to reveal synaptic junctions, photographed with a CCD camera, and the largest linear extent of the synaptic junction was measured.

Multiple Immunofluorescence Labeling of Neuronal Populations {#s2c}
------------------------------------------------------------

The samples containing all layers and some white matter were taken from the top of gyro from 3 patients (Table [1](#BHV045TB1){ref-type="table"}). Immersion-fixed human cortical slices were used for testing the molecular expression profiles of neurons. Blocks of tissue were immersed in a fixative containing 4% paraformaldehyde and approximately 0.2% (w/v) picric acid dissolved in 0.1 M PB for 5--10 h. The blocks were then washed in 0.1 M PB and sectioned with a vibratome at 60 μm thickness. All immunoreactions were performed on free-floating sections. Endogenous peroxidase activity and lipofuscin autofluorescence were reduced by treatment with 1% H~2~O~2~ in PB for 20 min, followed by incubation in 70% ethanol for 5 min, a rinse in 1% Sudan Black B (Sigma-Aldrich) dissolved in 70% ethanol, for 10 min, and finally 70% ethanol for 5 min. Then, the sections were incubated for 1 h in a blocking buffer, followed by mouse-anti-reelin antibody (1 : 50 000, 142CL Chemicon International, Temecula, CA, USA) dissolved in blocking buffer, overnight. After several washes in PB, the sections were incubated in biotinylated donkey-anti-mouse antibody (1 : 500, Jackson Immunoresearch) dissolved in blocking buffer overnight, followed by avidin-biotinylated horseradish peroxidase complex (Vectastain ABC kit, Vector Laboratories) for 2 h, and finally in Cy3-conjugated tyramide (conjugated in house) was used as a chromogen. The peroxidase reaction was carried out for 2--4 h using 0.006% H~2~O~2~ as substrate, followed by washing the sections in 0.1 M PB.

After a short microscopic examination of the quality of the immunoreaction, the sections were further incubated in mouse-anti-COUP-TFII antibody (1 : 1000) dissolved in a blocking buffer, washed in 0.1 M PB, and then incubated in Alexa488-conjugated donkey-anti-mouse antibody (1 : 1000, Molecular Probes). The sections already labeled for reelin and COUP-TFII were further incubated in a mixture of rabbit-anti-CCK antibody (1 : 2000) and goat-anti-calretinin antibody (1 : 1000). After several washes in 0.1 M PB, the sections were incubated in a mixture of Cy5-conjugated donkey-anti-rabbit antibody (1 : 500, Jackson Immunoresearch) and Alexa350-conjugated donkey-anti-goat antibody (1 : 500, Molecular Probes). After photography, the sections were demounted and incubated in mouse-anti-SMI311 antibody (1 : 1000, overnight, Cambridge Biosciences, Berkeley, CA, USA) for the detection of non-phosphorylated neurofilament protein (NPNFP), visualized by A488-coupled donkey-anti-mouse secondary antibody. This last immunolabeling was used to delineate the borders of cortical layers, as it is highly expressed in some pyramidal cells.

Additional sections from the same specimens were incubated in a mixture of mouse-anti-COUP-TFII, goat-anti-parvalbumin (Swant), rat-anti-somatostatin (Chemicon International), and rabbit-anti-calbindin (Swant) antibodies (all at 1 : 1000 dilution) overnight, washed extensively, and incubated in a mixture of secondary antibodies that included A350-coupled donkey-anti-goat (Molecular Probes), A488-coupled donkey-anti-mouse, Cy3-coupled donkey-anti-rat, and Cy5-coupled donkey-anti-rabbit antibodies (Jackson Immunoresearch) dissolved in blocking buffer. All sections were mounted in Vectashield (Vector Laboratories) on slides.

Controls {#s2d}
--------

Characterization of the primary antibodies has been previously published or provided by the manufacturer (Table [2](#BHV045TB2){ref-type="table"}). The experiments were performed with highly cross-absorbed species-specific secondary antibodies from Jackson Immunoresearch or Molecular Probes. To control the possible cross-reactivity between secondary antibodies with multiple primary antibodies, control sections were treated with the previously described protocols, but only one primary antibody was applied, followed by all the secondary antibodies. This control was performed for all antibodies separately. No false reactivity was detected. The highest risk for cross-labeling was between mouse-anti-reelin and mouse-anti-COUP-TFII antibodies, because these were raised in the same host species. However, the 2 molecules showed different subcellular localization when detected alone. In this case, the mouse-anti-reelin antibody was applied with the highest possible dilution (1 : 50 000). As a test, after signal amplification of the immunolabeling with Cy3-tyramide, the original protocol was carried out, but the second mouse primary antibody (to COUP-TFII) was replaced by 10% normal mouse serum to test for the possible capture of the second mouse primary antibody by biotinylated donkey-anti-mouse IgG. The control sections were washed in 0.1 M PB and finally incubated overnight in Alexa488-conjugated donkey-anti-mouse IgG. The first primary antibody concentration was far below the detection threshold of this last secondary antibody, and no signal was detected in the Alexa488 fluorescent channel. Tests were also carried out using much longer camera exposure times than usual, but no Alexa-488 signal could be detected. Table 2Use and characteristics of primary antibodiesPrimary antibody toRaised in speciesCodeDilutionProtein conc. originalSourceCharacterization, reference, or testImmunogenCalbindinRabbitCB-381 : 1000Swant, Bellizona, SwitzerlandLabeling pattern in the rat as published with other antibodiesRat recombinant calbindinCalretinin (CR)GoatCG11 : 1000Swant, Bellizona, Switzerland[@BHV045C124], western blot, brain, and cell lines expressing recombinant CRRecombinant human calretininCOUP-TFIIMousePP-H7147-00, 2ZH7147H1 : 10001 mg/mLPerseus Proteomics, Inc./R&D Systems[@BHV045C123], tested in gene deleted tissueRecombinant human COUP-TFIINPNFP, non-phosphorylated neurofilament proteinMouseSMI-311R1 : 1000Convance/Cambridge BiosciencesMixture of several monoclonal antibodies recognizing NF-H and NF-M subunits. Originally developed by Sternberger Monoclonals, Inc.BrainParvalbuminGoatPVG 2141 : 1000Swant, Bellizona, SwitzerlandLabeling pattern in the rat as published with other antibodiesRat muscle parvalbuminPro-CCK^a^Rabbit1 : 2000A. Varro, Liverpool University[@BHV045C75])Residues 107--115 of rat pro-CCKReelinMouseMAB53661 : 500001 mg/mLChemicon[@BHV045C122], immunoblotRecombinant mouse reelin residues 40--189SomatostatinRatMAB3541 : 200ChemiconLabeling pattern in the rat as published with other antibodiesSynthetic cyclic somatostatin 1--14[^2]

Image Acquisition and Quantification of Co-labeling {#s2e}
---------------------------------------------------

For quantitative analysis, images were collected with an Olympus epifluorescence microscope with ×20, 0.5 numerical aperture UPlanFI lens and a SPOT 7.4 slider CCD camera and appropriate filters. From each field of view, 5 equally spaced focal depths were recorded in all fluorescence channels, spanning from the top to the bottom of the 60-μm thick section. Cells having an ambiguous colocalization of signals were also recorded with a ×40, 0.75 numerical aperture UPlanFI lens. Brightness and contrast were adjusted for the whole frames in Photoshop. The images were merged in each channel separately to survey the cortex spanning the layers from the pia to the white matter, and the position of cells positive for at least one of the markers was numbered and entered into a spreadsheet.

Data are presented as mean ± standard deviation.

Results {#s3}
=======

Distribution and Characterization of COUP-TFII-Immunoreactive Cells {#s3a}
-------------------------------------------------------------------

Immunoreactivity for COUP-TFII was located in the nuclei of 3 distinct types of cell (Figs [1](#BHV045F1){ref-type="fig"}--[3](#BHV045F3){ref-type="fig"}). Most conspicuous were medium diameter (8.5 ± 1.1 μm, *n* = 20), strongly immunopositive nuclei mainly in layers I, II, and upper III, and much less frequently in all other layers. Very small, strongly positive nuclei, often of an elongated shape (short axis, 4.0 ± 0.6 μm; long axis 6.7 ± 0.9 μm, *n* = 31), were seen around blood vessels (Fig. [2](#BHV045F2){ref-type="fig"}*A*). Finally, large (12.9 ± 1.5, *n* = 21) weakly positive nuclei were present mostly in layer VI (Fig. [3](#BHV045F3){ref-type="fig"}*E*) and less frequently in layer V. Figure 1.Radial distribution of COUP-TFII- (*A*), calretinin- (*B*), CCK- (*C*), reelin-, or NPNFP- (*D*) immunoreactive cells in the adult human temporal cortex. Reelin and NPNFP immunoreactivity could be visualized in the same fluorochrome because they label distinct cells in different layers. The original dark-field fluorescent images were inverted for better visibility. COUP-TFII-positive cell nuclei are mostly situated in supragranular layers, whereas small calretinin-, CCK-, and/or reelin-positive interneurons are most frequent. Examples of cells labeled for at least 2 molecules are marked by arrows. In addition to the strongly CCK-immunoreactive small interneurons, some pyramidal cells in lower layer III and layer VI are also CCK-positive. In (*D*), antibodies to reelin reveal small interneurons mainly in layers I and II, whereas NPNFP reveals large pyramidal cells, which aid the delineation of laminar boundaries. Scale bar: 200 µm. Figure 2.Part of the section shown in Figure [1](#BHV045F1){ref-type="fig"} is shown at high magnification as immunofluorescence images using 4 filter combinations and demonstrating the distribution of COUP-TFII- (*A*, Alexa488), calretinin- (*B*, Alexa350), CCK- (*C*, cy5), reelin-, and NPNFP- (*D*, cy3) immunopositive neurons in the supragranular layers. Examples of the colocalization of 2 or more immunoreactivities are indicated by arrows. Labeling for COUP-TFII shows small bright nuclei of some interneurons, as well as very small nuclei in the wall of 2 blood vessels (*A*, vertical arrows). In the Alexa488 channel, in lower layer III, large pyramidal cells show clearly distinguishable cytoplasmic lipofuscin autofluorescence (*A*, double arrow). Large pyramidal cells show weak, patchy pro-CCK immunoreactivity present in the perinuclear Golgi apparatus (*C*, double arrow) and reactivity for NPNFP (*D*, double arrow) in the soma and proximal dendrites. Scale bar: 40 µm. Figure 3.Immunofluorescence characterization of COUP-TFII expressing using up to 5 antibodies and 4 filter sets on the same cells. (*A*) Most calretinin-positive neurons (e.g., arrowhead) are COUP-TFII-positive and some of them express CCK (arrowhead) and/or reelin (arrow) in upper layer II. (*B*) In middle layer III, most calretinin-positive neurons are also COUP-TFII-positive (arrows) and some express CCK (lower arrow). Many pyramidal cells also express CCK in patches representing the Golgi apparatus (*B2*) and these cells are also immunopositive for NPNFP (*B3*), but immunonegative for COUP-TFII and calretinin. The small nuclei of some cells in the wall of blood vessels (*B*, arrowhead) are immunopositive only for COUP-TFII. (*C*) Interneurons positive for calbindin, somatostatin, or parvalbumin were always immunonegative for COUP-TFII in layers II and III. (*D*) A calretinin-positive interneuron is also positive for COUP-TFII, but nearby NPNFP-positive pyramidal cells are immunonegative for COUP-TFII in lower layer III. (*E*) Weakly COUP-TFII-immunopositive large nuclei belong to CCK-positive pyramidal cells in layer VI. The CCK-positive perinuclear patches represent the Golgi apparatus. Scale bar: *A*--*E*, 20 µm.

The distribution of medium size strongly positive nuclei corresponded to previously published patterns of calretinin-positive interneurons, which are thought to be GABAergic neurons ([@BHV045C18]; del [@BHV045C24]; [@BHV045C33]; [@BHV045C34]; [@BHV045C68]). Therefore, we tested the degree of overlap of these molecules with CCK that has previously been shown to coexist with calretinin in some interneurons of the rat ([@BHV045C48]). In addition, layer I had a significant number of COUP-TFII-positive nuclei and this layer contains neurons expressing reelin in several species ([@BHV045C1]; [@BHV045C80]; [@BHV045C67]; [@BHV045C85]), a signaling molecule known to be co-expressed with COUP-TFII during development ([@BHV045C113]). Therefore, we tested the degree of co-expression of these 2 molecules as well. To maximize the information, we carried out the tests on the same sections from 3 patients using antibodies raised in 3 different species and also used the tyramide intensification method to include sequentially 2 mouse monoclonal antibodies. Because the antibody to CCK revealed a significant population of pyramidal-like cells, we included a fifth antibody, raised in mouse to NPNFP, to characterize these cells.

We could not detect differences between the 3 patients. Immunoreactivity for COUP-TFII in strongly positive neuronal nuclei and calretinin-positive interneurons showed very similar laminar distributions (Fig. [1](#BHV045F1){ref-type="fig"}*A*,*B*). Calretinin immunoreactivity was present throughout the cytoplasm, including the dendrites and axons. Strongly CCK-immunopositive medium-sized cells were mostly in layers I, II, and upper III, whereas much larger more weakly positive pyramidal-shaped cells were present in lower layer III and layer VI (see below). Indeed, labeling for NPNFP showed that these weakly CCK-positive large cells are pyramidal cells (Figs [1](#BHV045F1){ref-type="fig"}*C*,*D* and [3](#BHV045F3){ref-type="fig"}*E*). Reelin-positive cells were mainly in layers I and II. Co-expression of immunoreactivity for COUP-TFII and calretinin and/or CCK and/or reelin was extensive in all layers. However, most of the strongly COUP-TFII-positive medium-sized nuclei identifying putative interneurons were in the supragranular layers in all 3 patients. Indeed, of the total number of interneurons, immunopositive for CCK (strong), calretinin, or reelin, 98.2 ± 0.3%, 95.2 ± 1.6%, and 97.4 ± 2.3% were situated in the supragranular layers with a combined thickness of 1130 ± 90 μm (*n* = 3). Therefore, we have restricted the detailed examination of the co-expression of 4 molecules to interneurons in layers I--III (total *n* = 765 cells; Fig. [4](#BHV045F4){ref-type="fig"}). The combinations of colocalized of calretinin, reelin, and CCK with COUP-TFII resulted in 11 categories of neurons. Three of these categories representing only 7 cells, together formed \<0.5% of the total population, were not considered further. The distribution of the remaining 758 neurons (patient 1, *n* = 274; patient 2, *n* = 190; patient 3, *n* = 294) are shown in Figure [4](#BHV045F4){ref-type="fig"} in 8 categories. Cells were counted in a radial 590-μm wide strip from each of 3 patients. The distance between the pia and the bottom of layer III was divided into 10 equal bins, and all neurons labeled for at least one of the 4 molecules were counted. Calretinin- and/or CCK- and/or reelin-positive interneurons constituted 97 ± 1.6% of COUP-TFII-positive interneurons in the supragranular layers. Most calretinin- and/or CCK-positive interneurons were COUP-TFII-positive. Calretinin- and CCK-positive interneurons formed 75.8 ± 5.0% and 22.7 ± 2.0% of COUP-TFII-positive cells, respectively, in layers I--III. About half of the CCK-positive interneurons were also calretinin-positive, but only 13.9 ± 6.1% of calretinin-expressing cells were CCK-positive. Figure 4.Distribution of strongly COUP-TFII-positive interneurons and colocalization patterns with calretinin, reelin, and CCK displayed in 10 radial bins from the pia to the bottom of layer III. Pyramidal cells positive for CCK were excluded. (*A*) Average (±SD) proportions of COUP-TFII-positive cells per bin. (*B*) Depth profile of the colocalization distribution of the 4 molecules shown as average of the 3 patients. Most COUP-TFII-positive cells were positive for at least one of the 3 molecules. All reelin-positive cells were COUP-TFII-positive and mostly located in layers I and upper II. Few calretinin-positive cells were COUP-TFII-negative. (*C*) Distribution of cells (mean ± SD) showing different colocalization patterns summed from all supragranular layers. Most COUP-TFII-positive cells are immunopositive for calretinin, and/or CCK, and/or reelin, and those immunonegative for all 3 molecules represent on average only 2.9% of cells. Note the small variation between the 3 individuals. Colour-coding of diagrams in (*B*) and (*C*) is identical.

Reelin-positive interneurons constituted 16.9 ± 4.3% of COUP-TFII-positive interneurons. Virtually, all reelin-positive interneurons were COUP-TFII-positive (98 ± 2%) and these included CCK-positive cells (29.7 ± 4.2% of reelin-positive cell and 23.0 ± 9.5% of CCK-positive interneurons). Reelin-positive cells were located most superficially; 85.3% ± 2.3% of them were in layers I and upper II (Fig. [4](#BHV045F4){ref-type="fig"}*B*, bins 1--2) sharply decreasing in abundance below layer II. The reelin- and COUP-TFII-positive cells represented less than half (40.1 ± 6.9%) of the total COUP-TFII population in bins 1--2 (Fig. [4](#BHV045F4){ref-type="fig"}*B*), most of the other cells were positive for CCK and/or calretinin. In layer I, some COUP-TFII-/reelin-positive interneurons were also positive for calretinin, and all these interneurons were CCK-negative. Thus, the expression of calretinin and CCK appears to be mutually exclusive in reelin-positive interneurons. In the supragranular layers, pyramidal cells did not express immunohistochemically detectable COUP-TFII (Figs [1](#BHV045F1){ref-type="fig"}, [2](#BHV045F2){ref-type="fig"}, and [3](#BHV045F3){ref-type="fig"}*B*).

Additional, widely expressed interneuron class-specific molecules include parvalbumin, calbindin, and somatostatin. These were tested in sections from all 3 patients in a quadruple immunoreaction, but none of the neurons immunopositive for these molecules (*n* = 110 for parvalbumin, *n* = 235 for calbindin, and *n* = 81 for somatostatin) contained immunohistochemically detectable level of COUP-TFII protein (Fig. [3](#BHV045F3){ref-type="fig"}*C*), even though the area evaluated contained 194 COUP-TFII-positive interneurons. Somatostatin was often colocalized with calbindin (Fig. [3](#BHV045F3){ref-type="fig"}*C*), and some of the parvalbumin-positive neurons also expressed calbindin immunoreactivity (not shown) as has been previously found in the human cortex ([@BHV045C36]) as well as in the rodent cortex ([@BHV045C7]).

In layers V and VI, many pyramidal cells visualized either by immunoreactivity for NPNFP or CCK were also positive for COUP-TFII (Fig. [3](#BHV045F3){ref-type="fig"}*E*). In general, the intensity of COUP-TFII immunoreactivity in pyramidal cells was weaker than in interneurons and highly variable down to an undetectable level, which made it difficult to estimate the fraction of immunopositive pyramidal cells.

Electrophysiological Recording of COUP-TFII-Positive Interneurons In Vitro {#s3b}
--------------------------------------------------------------------------

The immunohistochemical characterization described above by itself does not allow the testing of how COUP-TFII-positive interneurons integrate into the synaptic network of the human cortex. Because the results show that COUP-TFII-positive interneurons may belong to several cell types, we sought to visualize individual cells to reveal their axonal and dendritic distributions and test their synaptic output. The latter has been shown to be a defining characteristic of distinct cell types in nonhuman animals ([@BHV045C105]; [@BHV045C96]; [@BHV045C108]; [@BHV045C46]) as well as in man ([@BHV045C52]). We have recorded visually identified neurons in vitro from layers II to upper III, visualized them by biocytin labeling, and tested them for COUP-TFII immunoreactivity. Seventeen of 62 tested interneurons were COUP-TFII-positive. The characterization of COUP-TFII-immunonegative neurons is beyond the scope of this study; here, we analyze only the COUP-TFII-positive interneurons. We tested them for the presence of molecules that were found to colocalize with COUP-TFII in the population survey presented above. The results are presented in Table [3](#BHV045TB3){ref-type="table"}. Reelin could not be tested in sections from tissue slices incubated in vitro, because the signal amplification technique produced very widespread pyramidal cell labeling with this antibody that could not be interpreted, although it produced selective interneuron labeling in fresh tissue sections. Table 3Immunoreaction tests and electrophysiological parameters of interneurons recorded in vitro in layers I--IIIInter neuron no.Cell codePatient codeSoma in layerCOUP-FTIIImmunoreactionRecovered HRP reaction*V*~m~ (mV)*R*~in~ (MΩ)Tau (ms)Sag\*Action potentialIllustrationCalretininCCKAmpl. (mV)Half width (ms)Threshold (mV)After hyperpolarization (mV)1061101-1s1III++−d−71.1437.36.1+76.60.84−48.3−18.62061109-1s2III++n.t.d−71.379.54.9+63.90.25−38.6−24.1Figure [8](#BHV045F8){ref-type="fig"}3061101-3s1II++−d−72.2277.78.1+75.40.58−55.0−9.34061101-1cs1II++−−−67.9297.88.6+51.20.91−31.5−18.05061124-5cs3II+−+s, d, a−68.8194.66.4+53.40.83−37.5−14.3Figure [7](#BHV045F7){ref-type="fig"}6070216-4cs5II++−s, d−75.1302.08.8−74.50.46−48.5−15.57070216-5s5II++n.t.s, d, a−69.3262.58.6+86.70.62−61.1−15.48070403-3cs6II++n.t.s, d, a−91.377.56.0−n.a.n.a.n.a.n.a.Figure [6](#BHV045F6){ref-type="fig"}9070403-1mg6II++n.t.s, d, a−74.0194.05.7+91.00.43−41.1−13.5Figure [7](#BHV045F7){ref-type="fig"}10070517-3kg7III+−+s, d, a−71.3244.19.5+63.60.74−35.2−17.911070517-2cs7II+−+s, d, a−70.0280.77.1+58.90.56−34.2−16.8Figure [5](#BHV045F5){ref-type="fig"}*A*12070517-5cs7II++−s, d, a−72.9321.79.0−68.70.35−36.2−26.9Figure [7](#BHV045F7){ref-type="fig"}13070613-2sz8III+n.tn.t.s, d, ?−78.2294.711.2+64.10.42−43.4−24.914070613-1cs8II+−n.t.s, d−67.0271.710.1+67.50.48−40.8−18.915070613-1mg8II+−n.t.s, d, a−74.5176.88.3+64.20.51−45.6−16.916070608-4cs9I+−−s, d, a−69.6117.54.3+63.10.36−39.8−27.5Figure [7](#BHV045F7){ref-type="fig"}17070824-3cs10II++n.t.s, d, a−76.5183.94.9+79.70.44−43.5−20.8Figure [5](#BHV045F5){ref-type="fig"}*B*Mean−73.0236.17.568.90.55−42.6−18.7SD5.693.12.011.10.197.85.0[^3][^4]

Sixteen COUP-TFII-positive interneurons were tested for calretinin and 10 (62.5%) were immunopositive (Figs [5](#BHV045F5){ref-type="fig"}*B2-4*,6 and [8](#BHV045F8){ref-type="fig"}*B*,*C*,*D*). Five of these were also tested for CCK immunoreactivity and they were all immunonegative. Ten COUP-TFII-immunoreactive interneurons were tested for CCK immunoreactivity and 3 (30%) were immunopositive (Fig. [5](#BHV045F5){ref-type="fig"}*A2-5*). All 3 were immunonegative for calretinin. One additional interneuron was immunonegative for both CCK and calretinin (Table [3](#BHV045TB3){ref-type="table"}).

After converting biocytin fluorescence to a horseradish peroxidase reaction product using DAB as a chromogen, 13 somata and 16 full or partial dendritic arborizations were recovered (Table [3](#BHV045TB3){ref-type="table"}). Some somata, dendrites, and axons were lost from those sections that had been treated with Sudan B to reduce autofluorescence, and some axons and dendrites were lost due to the slice preparation. The axons of 4 calretinin- and 3 CCK-positive cells could be evaluated. These 7 interneurons were reconstructed (Figs [5](#BHV045F5){ref-type="fig"}--[7](#BHV045F7){ref-type="fig"}). One neuron was immunonegative for both calretinin and CCK, and its soma was located at the border of layers I and II (Fig. [7](#BHV045F7){ref-type="fig"}, No. 16). The dendritic tree was mainly horizontal and the dense axon innervated layers I and II equally. The large boutons made this cell distinguishable from neurogliaform cells frequent in layer I rodents ([@BHV045C38]). Figure 5.Interneurons immunopositive for COUP-TFII show irregular firing patterns in vitro and innervate mostly small dendrites*.* (*A* and *B*) Axonal (gray) and dendritic (black) distribution of 2 COUP-TFII-immunopositive cells in layer II. (*A1* and *B1*) Both cells responded with a robust sag to hyperpolarizing current steps (bottom traces), and fired irregular spikes to depolarizing current steps (top traces). (*A2--A5* and *B2--B4*) Cell A was immunopositive for CCK, but negative for calretinin, whereas cell B was positive for calretinin; it was not tested for CCK. Note 2 COUP-TFII-/calretinin-positive interneurons in *A*3 and *4* (asterisks), one of which was also positive for CCK (double asterisks). In *B3* and *4*, a rare calretinin-positive interneuron is seen that was immunonegative for COUP-TFII (asterisk). (*A6,7* and *B5,6*) Electron micrographs showing large, type II synaptic junctions (between bars) established by the cells shown in (*A*) and (*B*), respectively, with small dendritic shafts (d) and an interneuron soma. The innervated dendrites also receive type I synapses (arrows) from other boutons. Scale bars: *A* and *B*, 10 µm; *A6*,*7* and *B5*,*6*, 200 nm. Figure 6.Demonstration of COUP-TFII immunoreactivity in a double bouquet cell. (*A*) Reconstruction of the dendritic (black) and axonal (gray) arborizations of the cell with the boundary between layers I and II indicated. Note the descending axonal bundle identifying the cell as a double bouquet cell. Most dendritic and axonal branches are truncated by the slice preparation. (*B*) The biocytin-labeled cell (arrow) next to 2 sequentially recorded pyramidal cells (P), which were tested for connectivity, but there was no detectable synaptic interaction between the interneuron and either of the pyramidal cells. (*C*) The double bouquet cells (arrow), but not the pyramidal cells, are immunopositive for calretinin. (*D*) The nucleus of the cell (arrow) is positive for COUP-TFII, as are the nuclei of 2 other calretinin-positive interneurons (top). (*E* and *F*) Electron micrographs of representative serial sections of a double bouquet cell bouton making a type II synaptic junction (between bars) with a small dendritic shaft that also receives another synapse (arrow) from a bouton of unknown origin. Scale bars: *A*, 50 µm; *B--D*, 25 µm; *E* and *F*, 0.5 µm. Figure 7.COUP-TFII-immunopositive interneurons in layer II, showing different dendritic (black) and axonal (gray) arborizations, and responses to depolarizing and hyperpolarizing current injections at resting membrane potential (lower row). The neurons showed highly variable firing patterns, spike frequency adaptation and spike amplitude accommodation, and sag and depolarizing hump in response to hyperpolarization. Cells were visualized by intracellular biocytin injection following whole-cell recording. All cells were tested for CR immunoreactivity; Nos 9 and 12 were immunopositive; the other 2 neurons were immunonegative. Cells 12, 16, and 5 were tested for CCK and only cell 5 was immunopositive. Scale bars: drawings, 50 µm; recordings, 20 mV, 200 ms.

The 3 CCK-expressing cells resembled each other in that they had round somata, small compact dendritic trees either of a bushy (Fig. [7](#BHV045F7){ref-type="fig"}, No. 5) or multipolar (Fig. [5](#BHV045F5){ref-type="fig"}*A*) shape. Their axons were concentrated in layer II with less innervation of the adjoining layers I and III; the lack of descending axons did not seem to result from truncation during the slice preparation. The large round boutons did not form any conspicuous formations such as baskets or radial bundles.

The calretinin-positive cells were more variable. The somata were mostly radially elongated fusiform-shaped (*n* = 6; Figs [7](#BHV045F7){ref-type="fig"} and [8](#BHV045F8){ref-type="fig"}) or round to ovoid (*n* = 4; Figs [5](#BHV045F5){ref-type="fig"}*B* and [7](#BHV045F7){ref-type="fig"}, No. 9). The dendritic trees were mostly bitufted (*n* = 5; Figs [6](#BHV045F6){ref-type="fig"}, No. 8 and [7](#BHV045F7){ref-type="fig"}, No. 12) or bushy with mostly ascending dendrites (*n* = 3; Figs [5](#BHV045F5){ref-type="fig"}*B*, No. 17 and [7](#BHV045F7){ref-type="fig"}, No. 9). The axon of one calretinin-positive interneuron (Table [3](#BHV045TB3){ref-type="table"}, No. 9; Fig. [6](#BHV045F6){ref-type="fig"}) showed the typical descending axon bundle of double bouquet cells ([@BHV045C89]; [@BHV045C43]; [@BHV045C97]; del [@BHV045C23]). The other cells with sufficient axon for evaluation showed more locally arborizing loosely arranged axons in layers II and III without any particular grouping of the boutons. Figure 8.Reciprocal synaptic connections between a calretinin-/COUP-TFII-positive interneuron and a pyramidal cell in layer II. (*A1* and *A2*) AP patterns of the 2 neurons in response to depolarizing (top traces) or hyperpolarizing (bottom traces) current steps. (*A3* and *A4*) APs of the interneuron (*A3*, top trace) or the pyramidal cell (*A4*, top trace) elicit IPSPs (*A3*, bottom trace) or EPSPs (*A4*, bottom trace), respectively, in the postsynaptic cell. IPSPs and EPSPs are averages of 20 sweeps. (*B*) The biocytin filled interneuron (upper right corner) and pyramidal cell (arrow). (*C*) The nucleus of the interneuron, but not that of the pyramidal cell, is immunopositive for COUP-TFII. Arrowhead points to a COUP-TFII-positive interneuron in close apposition to the pyramidal cell. Note weak cytoplasmic autofluorescence in the pyramidal cell. (*D*) The interneuron as well as another COUP-TFII-positive cell (open arrow) are immunopositive for calretinin. Scale bar: 20 µm.

The COUP-TFII-positive interneurons had a resting membrane potential of −73.0 ± 5.6 mV, membrane input resistance of 236.1 ± 93.1 MΩ, and a membrane time constant of 7.5 ± 2.0 ms (all *n* = 16). With 3 exceptions (Table [3](#BHV045TB3){ref-type="table"}), all interneurons responded with a robust sag to hyperpolarizing current steps (Figs [5](#BHV045F5){ref-type="fig"}*A1*,*B1* and 7). Many cells (*n* = 8) showed a depolarizing hump following a hyperpolarizing current injection step (Figs [6](#BHV045F6){ref-type="fig"}*A1*,*B1* and [7](#BHV045F7){ref-type="fig"}), and 4 cells responded with a rebound spike (Fig. [7](#BHV045F7){ref-type="fig"}). Parameters of individual APs were relatively heterogeneous in terms of AP amplitude (68.9 ± 11.1 mV), half width (0.55 ± 0.19 ms), threshold (−42.6 ± 7.8 mV), and afterhyperpolarization amplitude (18.7 ± 5.0 mV, relatively to AP threshold). At rheobasic current steps, 8 cells fired a single AP at the onset and remained silent during the rest of the 800-ms depolarization, and 7 cells fired continuously throughout the current pulse. When increasing the current amplitude, 10 cells fired continuously during the entire pulse, 7 cells showed spike frequency adaptation, and 3 cells had spike amplitude accommodation. After the onset of firing, some cells showed an irregular, stuttering firing pattern or remained silent.

Of the 10 cells with sufficient axons, 5 cells had axons in detergent-treated sections processed for immunocytochemistry; therefore, their synaptic targets could not be tested by electron microscopy. Electron microscopic analysis of synaptic targets was attempted on 5 cells and 3 had adequate tissue preservation for further analysis, and these (Cells 8, 11, and 17, Table [3](#BHV045TB3){ref-type="table"}) were studied quantitatively. To increase immunoreactivity, the fixative used in this study did not include glutaraldehyde that is used conventionally in most electron microscopic studies of the brain. We have found that the addition of picric acid to the paraformaldehyde fixative improved not only the immunoreactivity ([@BHV045C101]), but also the fine structural preservation of synaptic boutons. Interneurons 11 and 17 made relatively large type II synaptic junctions (Figs [5](#BHV045F5){ref-type="fig"}*A6*,*7* and *B5*,*6*), with a mean largest linear extent of 517 ± 122 nm (Fig. [5](#BHV045F5){ref-type="fig"} cell A, *n* = 14) and 405 ± 94 nm (Fig. [5](#BHV045F5){ref-type="fig"} cell B, *n* = 22). The large boutons (*n* = 14 tested) of the calretinin-positive cell (No. 17, Table [3](#BHV045TB3){ref-type="table"}), illustrated in Figure [5](#BHV045F5){ref-type="fig"}*B*, innervated mainly small dendritic shafts (72%), one dendritic spine, and one soma (Fig. [5](#BHV045F5){ref-type="fig"}*B6*) of an interneuron with 2 synapses; 4 (16%) postsynaptic targets could not be identified, as they were either small dendritic shafts or spines. The postsynaptic interneuron was identified on the basis of having a small amount of somatic cytoplasm, an invaginated nucleus, and no apical dendrite. The CCK-positive cell (No. 11, Table [3](#BHV045TB3){ref-type="table"}), illustrated in Figure [5](#BHV045F5){ref-type="fig"}*A*, only innervated small dendritic shafts (*n* = 25). Many of the dendritic shafts innervated by the boutons of these cells received 1 or 2 other (64% cell A and 50% cell B), mostly type I synapses (83%; Fig. [5](#BHV045F5){ref-type="fig"}*A6*,*A7*,*B5*) and rarely another type II synapse from boutons of unknown origin within the serial section that included the identified synapse. The putative double bouquet cell (No. 8, Table [3](#BHV045TB3){ref-type="table"}) also made synapses mainly with small dendritic shafts (Fig. [6](#BHV045F6){ref-type="fig"}*D*,*E*) 9 of which were identified; one small postsynaptic target was either a small dendrite or a spine. Of the dendritic shafts, 50% received mainly type I synapses from other boutons (Fig. [6](#BHV045F6){ref-type="fig"}*E*). Some of the dendritic shafts resembled those of interneurons described in nonhuman mammalian cortex. However, in the absence of adequate knowledge and due to currently undefined differences in the synaptic inputs to the dendritic shafts of pyramidal cells and interneurons in the human cortex, we could not establish the pyramidal cell or interneuron origin of these dendrites quantitatively.

Based on previous results from animals, we assumed that the COUP-TFII-positive interneurons were GABAergic, and sought to test this in paired recording of potential postsynaptic targets. Out of numerous paired recordings involving interneurons, in one case a reciprocal monosynaptic connection between a pyramidal and a COUP-TFII/calretinin-immunoreactive cell (Fig. [8](#BHV045F8){ref-type="fig"}) was found. In the reciprocal connection, APs of the interneuron evoked a relatively slow hyperpolarizing postsynaptic response in the pyramidal cell \[mean first inhibitory postsynaptic potentials (IPSP) amplitude, 0.52 mV at -- 47.2 mV membrane potential\], and these showed a small paired pulse depression (IPSP2/IPSP1 = 0.8). The hyperpolarizing nature of the postsynaptic response is consistent with the action of GABA. Action potentials in the pyramidal cell evoked large depolarizing EPSPs \[mean first excitatory postsynaptic potential (EPSP) amplitude, 3.4 mV at -- 43.8 mV membrane potential\], which showed paired pulse depression (EPSP2/EPSP1 = 0.74). Unfortunately, the cell pair could not be recovered for reconstruction due to the Sudan Black B treatment that preceded the immunoreaction and interfered with the peroxidase reaction using DAB as a chromogen.

Discussion {#s4}
==========

Distinct types of cortical GABAergic interneuron occupy specific spatial and temporal positions in the cerebral cortex, orchestrating the information carrying activity of pyramidal cells. Not surprisingly, several neurological and psychiatric disorders involving the cerebral cortex are thought to be associated with abnormal ontogenetic developmental and/or maladaptive changes in interneuron activity ([@BHV045C93]; [@BHV045C62]; [@BHV045C57]). Recognizing the identities of interneuronal cell types is a prerequisite for the explanation of circuitry in the cortex. Defining interneuron types and their roles in the cortical circuits in rodents has advanced considerably ([@BHV045C21]), but information for the human cortex is rare ([@BHV045C52]; del [@BHV045C22], [@BHV045C24]; [@BHV045C73]).

Throughout the central nervous system, the identification of cell lineage-specific nuclear transcription factors has facilitated the delineation of cell types ([@BHV045C39]; [@BHV045C66]; [@BHV045C51]). In the cerebral cortex, clear differences have been established between pyramidal cells and GABAergic interneurons, most of the latter originating from the ganglionic eminences of the subpallium ([@BHV045C118]; [@BHV045C71]; [@BHV045C51]; [@BHV045C63]). Distinct transcription factors in the progenitor cell populations contribute to the migration and to the phenotypic maturation of interneurons. One of these, COUP-TFII contributes to the migration of interneurons, both in the rodent ([@BHV045C44]) and in the human cortex ([@BHV045C60]), and COUP-TFII is also strongly expressed in some populations of adult interneurons as also shown here. Neurons expressing a transcription factor in the adult are not necessarily the same cells that also expressed it when they were born. Here, we used the expression of COUP-TFII in combination with other molecules involved in cell signaling to delineate several interneuron populations in well-preserved surgical biopsies. By detecting up to 4 molecules in the same section, we have accounted for all COUP-TFII-expressing interneurons and report several novel molecular combinations. The main findings are: (1) COUP-TFII is present in specific populations of interneurons and pyramidal cells in the adult cortex; (2) most of the COUP-TFII-immunoreactive interneurons are calretinin- and/or reelin-positive cells that fire irregularly; (3) the co-expression patterns of calretinin, reelin, and CCK show specific combinations in adult human interneurons; (4) COUP-TFII-/calretinin-positive interneurons innervate dendrites, evoke IPSPs in pyramidal cells, and receive reciprocal EPSPs from them; (5) the widely recognized parvalbumin, somatostatin, and calbindin-expressing interneuron populations were immunonegative for COUP-TFII.

Developmental Origin of COUP-TFII-Positive Interneurons {#s4a}
-------------------------------------------------------

Using cell lineage-specific transcription factors, [@BHV045C60]) concluded that, in human and monkey cortex, the majority of GABAergic interneurons originate from the subpallium, in the MGE, LGE, and CGE, as shown by previous studies in rodents ([@BHV045C61]; [@BHV045C10]; [@BHV045C51]; [@BHV045C63]). Other studies emphasized that in primates including humans, a large fraction of interneurons is generated in the ventricular and subventricular zones of the dorsal forebrain ([@BHV045C56]; [@BHV045C81]; [@BHV045C41]). In particular, COUP-TFII is expressed in progenitor cells of both the human CGE and the ventricular/subventricular proliferative zones ([@BHV045C91]). In mice, the transcription factors Sp8, Sox6, and COUP-TFII accounts for 90% of cortical interneuron ([@BHV045C61]), and about 30--40% of interneurons derive from the CGE ([@BHV045C71]; [@BHV045C51]). The COUP-TFII-expressing interneurons in rodents are a distinct but diverse population ([@BHV045C44]; [@BHV045C116]; [@BHV045C61]; [@BHV045C10]; [@BHV045C51]). In the full term developing human cortex, COUP-TFII-positive interneurons show the same laminar distribution ([@BHV045C60]) as in the adult cortex in our study. Furthermore, we have detected COUP-TFII immunoreactivity in a distinct set of deep layer pyramidal cells. The role of COUP-TFII in the adult cortex is not clear. During development, it is coexpressed with PROX1, a downstream transcription factor ([@BHV045C94]), present in the LGE/CGE and some preoptic area-derived interneurons.

Molecular Expression Patterns in Cortical Interneurons Immunopositive for COUP-TFII {#s4b}
-----------------------------------------------------------------------------------

The final adult phenotypic manifestation of a cell type is due to a common ontogenetic origin and expression of signaling machinery, which arise through common repertoires of transcription factors. Interneurons expressing COUP-TFII have been shown to express calretinin, vasoactive intestinal polypeptide (VIP), somatostatin, and reelin in various mammals ([@BHV045C44]; [@BHV045C116]; [@BHV045C91]; [@BHV045C60]; [@BHV045C51]). Although useful for differentiating groups of neurons, none of these molecules delineate a single interneuron type on their own. Here, we have extended the analysis to novel combinations of molecular markers including CCK.

There is no agreement about what constitutes a cortical neuronal type ([@BHV045C108]; [@BHV045C110]; [@BHV045C4]; [@BHV045C121]; [@BHV045C21]). A simple definition is that "Two individual neurons belong to the same cell type if they deliver the same neuroactive substances to the same range of postynaptic targets in the same temporal pattern in a brain state-specific manner" ([@BHV045C95]). In practice, to obtain such multifaceted information for any cortical neuron is hard ([@BHV045C47]; [@BHV045C82]) and partial measures are used as surrogates to delineate populations of neurons. In most cases, the expression of a single molecule, or a small combination of molecules, such as calcium-binding proteins, or neuropeptides, or the presumed efferent synaptic sites such as "perisomatic" or "dendritic" are used to group, study, and genetically manipulate interneurons in an attempt to predict their function, as if they were a single-cell type with a unified role. However, in reality, each molecule is expressed in different combinations with others in cell types with distinct synaptic connections as reflected in the shapes of their axons ([@BHV045C89]; [@BHV045C105]; [@BHV045C108]). Furthermore, the dendritic or axonal shapes alone without some molecular or temporal signature have not led to the unambiguous definition of interneuron types with one exception, the axo-axonic cell ([@BHV045C99]). Thus, basing conclusions on a single molecule or shape alone leaves significant uncertainty in interpretations ([@BHV045C13]). For example, neither parvalbumin, nor somatostatin, is expressed by one interneuron type defined in terms of synaptic input/output connections ([@BHV045C95]; [@BHV045C54]). The connections, in turn, show differences in function evident in the temporal dynamics of GABA release to often completely segregated subcellular domains of the postsynaptic pyramidal cells, for example, from parvalbumin-expressing axo-axonic and basket cells throughout the cortex. Nevertheless, at our current limited level of knowledge, grouping cells on one or a combination of expressed molecules leads to progress ([@BHV045C110]), as long as oversimplifications are avoided.

*Calretinin* is present in the largest population of COUP-TFII-expressing neurons in both rodents ([@BHV045C44]; [@BHV045C61]; [@BHV045C13]; [@BHV045C51]) and human cortex ([@BHV045C91]; [@BHV045C60]), as also shown here. In the human medial prefrontal cortex ([@BHV045C34]) and temporal cortex ([@BHV045C36]), calretinin-positive interneurons are particularly numerous in layers I--III, as also shown here, and some express VIP ([@BHV045C32]). In rodents, many, but not all calretinin-positive neurons express somatostatin ([@BHV045C119]), VIP ([@BHV045C92]; [@BHV045C55]), and corticotropin-releasing factor (CRF, [@BHV045C55]), neuropeptides that we did not test here. Unlike in the rodent ([@BHV045C13]), a significant proportion of human calretinin-/COUP-TFII-positive cells is also positive for CCK.

*Reelin* is a key signaling protein secreted during development by Cajal--Retzius cells ([@BHV045C77]; [@BHV045C37]) and its expression is also retained in distinct GABAergic neurons in the adult cortex ([@BHV045C1]; [@BHV045C31]). Reelin-positive cells constituted approximately 20% of the total COUP-TFII-positive population. The coexpression of a high level of alpha-actinin2 and CCK or CR in layer I neurons in the rat ([@BHV045C115]), similar to that for the human shown here for CCK and CR, points to neurogliaform cells as a major population. Layer I contains a large diversity of interneurons both in terms of the coexpression of molecules ([@BHV045C55]) and cell types defined by other features (see below).

*Cholecystokinin-*expressing small interneurons were approximately 20% of all COUP-TFII-positive cells and were identified here with antibody to pro-CCK ([@BHV045C75]) and showed a diverse combination of calretinin and reelin expression. Interneurons expressing CCK are not well characterized in any species, and CCK is also expressed by some pyramidal cells ([@BHV045C75]) as also shown here in the human. In rodents, VIP and/or CRF is coexpressed in some, but not all CCK-positive interneurons ([@BHV045C55]), which remain to be tested in the human cortex.

*Somatostatin* immunoreactivity was not present in the COUP-positive neurons tested here, but a previous report described it in interneurons in the deep cortical layers of the mouse and suggested that they originate from the dLGE ([@BHV045C10]). The type of somatostatin and COUP-TFII coexpressing neuron is not known. Some but not all deep layer somatostatin neurons send axons to layer I and are named Martinotti cells. However, others close by express somatostatin, neuropeptide tyrosine, and nitric oxide synthase, and project widely throughout all layers and cortical areas ([@BHV045C111]).

In terms of their intrinsic electrophysiologial parameters, the COUP-TFII-expressing cells are quite heterogeneous. They vary in AP amplitude, half width, and accommodation. The only common feature among all recorded COUP-TFII-positive interneurons with respect to their electrophysiological properties is their response with a robust sag to hyperpolarizing currents steps. This, however, seems to be a general feature of most human cortical interneurons ([@BHV045C73]).

Synaptic Specializations of Cortical Interneuron Types {#s4c}
------------------------------------------------------

How do the cortical interneuron populations having partially or completely different neurochemical composition map onto cell types defined by synaptic connectivity remains a challenge in any species ([@BHV045C109]; [@BHV045C121]; [@BHV045C21]; [@BHV045C83]), and key missing information in the human cortex. The COUP-TFII-expressing cells characterized here in terms of molecular expression profiles, firing patterns in vitro, and axonal and dendritic arborizations (shape) have probably been seen in previous Golgi, immunohistochemical, and in vitro labeling studies. However, human cortical cell types remain poorly defined, and even in the rodent neocortex delineating distinct functional cell types ([@BHV045C54]) in terms of their synaptic connections is difficult. Below, we will try to draw together briefly the information that may delineate some interneuron types in the human cortex in light of the information gleaned from other animals.

*Axo-axonic cells* exclusively innervate the axon initial segment of pyramidal cells ([@BHV045C96]), originating from the MGE in rodents ([@BHV045C40]) and often expressing parvalbumin. They have been documented in the human cortex ([@BHV045C52]; [@BHV045C65]; [@BHV045C103]; [@BHV045C73]). The lack of COUP-TFII immunoreactivity in parvalbumin-positive neurons suggests that axo-axonic cells are distinct from all COUP-TFII-expressing interneurons. *Basket cells* are defined as making \>20% of their output synapses on somata of other neurons ([@BHV045C100]) and are highly diverse. They include parvalbumin ([@BHV045C8]; [@BHV045C49]) or CCK and VIP ([@BHV045C29]; [@BHV045C70]; [@BHV045C50]; [@BHV045C49])-expressing nonoverlapping basket cell populations. But not all parvalbumin- or CCK- or VIP-expressing interneurons are basket cells ([@BHV045C83]). The presence of parvalbumin-expressing basket cells in the human cortex is clear from the presence of rich perisomatic terminal baskets ([@BHV045C8]), but as all parvalbumin-positive cell bodies were negative for COUP-TFII; this population of interneurons probably does not express COUP-TFII. We are unaware of information about the presence of CCK-expressing basket cells in the human cortex. The COUP-TFII-expressing CCK-immunopositive cells may have included basket cells, but the axons were too partially visualized to establish this, and the 2 CCK/COUP-TFII-positive small interneurons were not seen to terminate on somata by light microscopy. On the other hand, in neocortex of the rat ([@BHV045C33]) and the human (del [@BHV045C24]; [@BHV045C34]) as well as in the cat primary visual cortex ([@BHV045C68]), some pyramidal cell bodies are surrounded by calretinin-positive terminals. showing that some calretinin-positive neurons are basket cells. These basket cells may correspond to the significant population of calretinin-/CCK-/COUP-TFII-expressing neurons that we have identified here.

*Neurogliaform cells* are recognized from the extremely dense axonal arborization within and around the restricted dendritic arbor ([@BHV045C89]; [@BHV045C104]; [@BHV045C78]; [@BHV045C54]). They co-express reelin and COUP-TFII in the rat hippocampus ([@BHV045C31]), thus it is possible that many of the reelin-/COUP-TFII-positive neurons in the human cortex ([@BHV045C60]), and also found here particularly in layer I, are neurogliaform cells. In addition to their synaptic innervation of dendrites, they are thought to release GABA non-synaptically ([@BHV045C78]), and are a major source of slow GABA~A~ receptor-mediated postsynaptic responses ([@BHV045C107]; [@BHV045C102]) and GABA~B~ receptor-mediated pre- and postsynaptic inhibition ([@BHV045C107]; [@BHV045C16]). They were shown to be GABA-immunopositive ([@BHV045C53]) and evoke IPSPs ([@BHV045C78]) in the adult human cortex. Neurogliaform cells are most numerous in and close to layer I in rodents ([@BHV045C78]; [@BHV045C115]; [@BHV045C116]). The densely localized axon of COUP-TFII-positive cell No. 16 and the short compact dendritic tree resemble those of neurogliaform cells in rodents ([@BHV045C78]) and human ([@BHV045C53]). In rodents, neurogliaform cells show heterogeneous molecular expression profiles and may originate from both the MGE and the CGE ([@BHV045C112]), but the majority express high level of alpha-actinin2 ([@BHV045C115]). The coexpression of alpha-actinin2 and CCK or CR in layer I neurons in the rat ([@BHV045C115]) is similar to the pattern in COUP-TFII-positive neurons in the human described here. In addition to the reelin and COUP-TFII expression shown here, the expression of mRNA for insulin was also found in neurogliaform cells of the rat ([@BHV045C72]). If found also in the human, it would point to neurogliaform cells as key players in normal or abnormal brain metabolism.

*Cajal--Retzius cells* occupy a subpial position in the developing cortical plate, are immunopositive for calretinin ([@BHV045C64]), secret reelin ([@BHV045C30]), and express COUP-TFII ([@BHV045C113]). Most Cajal--Retzius cells degenerate and the number of reelin-expressing cells decreases dramatically during postnatal life ([@BHV045C25]; [@BHV045C87]). The GABAergic interneurons co-expressing combinations of calretinin, reelin, and COUP-TFII in the adult layer I, and likely secreting reelin ([@BHV045C1]; [@BHV045C67]), do not derive from Cajal--Retzius cells ([@BHV045C80]), because the latter are glutamatergic neurons ([@BHV045C86]). These GABAergic neurons described here are likely to be newly arrived interneurons expressing some of the same molecules as do Cajal--Retzius cells. All reelin-immunopositive cells in layers I--III were COUP-TFII-positive in our analysis. In the rat barrel cortex, parvalbumin- and somatostatin-expressing interneurons are also reelin-immunopositive, which may indicate a species difference ([@BHV045C85]), as these neurons were not COUP-TFII-positive in our study.

*Double bouquet cells* are a heterogeneous population of neurons that innervate dendrites; the name is used for different and often poorly defined cell types in different studies, due to the lack of information about molecular characteristics and synaptic targets of individual neurons. Previously, we restricted the name to neurons with the soma in layers II/III and narrow columnar axons descending through all layers ([@BHV045C89], Figs 8 and 11; [@BHV045C97]; [@BHV045C98]). We have tentatively included the COUP-positive neuron No. 8 under this name based on the partial descending axonal bundle. They have been studied in nonhuman primates and human ([@BHV045C97], [@BHV045C98]; [@BHV045C5]) and in the cat ([@BHV045C69]; [@BHV045C106]), and are seen as forming the columnar axon bundles that make "horse tail formations." Such 50--100 μm wide dense inhibitory axon bundles have featured prominently in schemes of so-called minicolumns. Recently, the name "double bouquet cell" has been applied to interneurons in rodents, but many of the cells so named may not be homologous to those in primates and humans. The expression of calretinin, calbindin, tachykinin, and CCK have been described in "double bouquet" cells ([@BHV045C29]; [@BHV045C20]; [@BHV045C19]; del [@BHV045C23]; [@BHV045C18]; [@BHV045C5]), but the cells expressing these molecules may represent several different cell types. Uncertainty is due to the use of immunohistochemistry alone, which rarely allows the tracing of axons to immunopositive cell bodies and likely results in *en mass* labeling of many neuronal types. The expression of calbindin in double bouquet cells is particularly difficult to evaluate without single-neuron labeling, as layer II--III pyramidal cells also express calbindin and their descending axon bundles are entwined with the "horse tail" formations of "double bouquet" cells (del [@BHV045C23]). Based on the descriptions of synaptic connectivity, it is likely that "double bouquet" cells include at least 2 distinct cell types: (1) A type of interneuron that mainly innervates dendritic spines and also shafts of pyramidal cells ([@BHV045C97]; [@BHV045C20]; [@BHV045C19]; [@BHV045C106]) with unknown molecular identity. (2) A distinct type of interneuron that targets other interneurons preferentially ([@BHV045C97]) and expresses calretinin ([@BHV045C68]). The calretinin and COUP-TFII co-expressing putative double bouquet cells described here (No. 8) could belong to the interneuron targeting type. The electron microscopic sample of postsynaptic targets of this cell is consistent with this proposal, as the detected dendritic shafts could belong to other interneurons. The other calretinin-positive neuron with a "double bouquet dendritic tree" (No. 12) as the term was originally used by [@BHV045C90]) had little of its axon in the slice and could be of a similar interneuron type.

*Interneuron target-specific GABAergic interneurons* (*IS cells*) were discovered in the hippocampus ([@BHV045C28]). Some calretinin- and/or VIP-expressing interneurons preferentially target other interneurons in the neocortex of rodents \[[@BHV045C17]; [@BHV045C11]; [@BHV045C83]; [@BHV045C84]; see [@BHV045C13])\] and some calretinin-positive interneurons densely innervate other interneurons in the cat ([@BHV045C68]) and human (del [@BHV045C24]). A recent elegant study named interneurons as "single bouquet cells" in layer I in the rat cortex without neurochemical characterization, but showed that they mainly inhibited other interneurons ([@BHV045C42]). It is possible that these cells are the equivalent of interneuron innervating double bouquet axonal cells of layers II--III, but because the cell body is in layer I the ascending axon is no longer present.

One of the COUP-TFII/calretinin-positive cells identified here produced a slow monosynaptic IPSP in a pyramidal cell, and thus was not an exclusively interneuron-specific cell; the degree of selectivity of IS cells is not known for the human cortex. In the mouse cortex ([@BHV045C11]), both VIP-expressing and VIP-negative calretinin-positive interneurons innervated both pyramidal cells and interneurons, and some VIP-positive interneurons preferentially, but not exclusively, innnervated somatostatin-expressing interneurons ([@BHV045C83]).

Synaptic Targets and Actions of COUP-TFII-Positive GABAergic Interneurons {#s4d}
-------------------------------------------------------------------------

The number and postsynaptic target element distribution of GABAergic terminals in the human cortex is not known. The synaptic target structures of the recorded COUP-TFII-expressing neurons show some similarities, with most boutons synaptically innervating dendritic shafts. In the macaque monkey primary visual cortex, dendritic shafts are the main synaptic targets of GABAergic terminals. Of the 76 million GABAergic synapses per mm^3^, 61% are on dendritic shafts, 12% on somata, and 27% on dendritic spines ([@BHV045C6]). They comprise 17% of the 446 million synapses per mm^3^. The COUP-TFII-expressing neurons are a major contributor to dendritic shaft GABAergic innervation and a contributor to dendritic inhibition. We are unable to differentiate between dendritic shafts originating from pyramidal cells and interneurons, but the numerous type I synapses on some of the shafts innervated by the COUP-TFII-positive cells indicate that a proportion belongs to interneurons. The 2 CCK/COUP-TFII-positive cells recorded here had partial axons in the slice, but both of them innervated layer I abundantly, and they did not appear to provide pyramidal cell somatic innervation, which was confirmed by electron microscopy; hence they are not basket cells. One of the recorded COUP-TFII-/calretinin-positive interneurons innervated pyramidal cells, but this cell pair could not be investigated by electron microscopy because of the deleterious effect on the autofluorescence suppression solution that we used.

In conclusion, the exploration of COUP-TFII-expressing neurons in the human association cortex in terms of their molecular expression profiles and synaptic relationships have revealed a diverse GABAergic interneuron population, mainly innervating dendrites. Pyramidal cell dendrites carry out computations based on electrogenic supralinear integration of synaptic inputs, and dendritic inhibition can have a non-linear effect through the inhibition of dendritic spikes in a network and brain state-dependent manner ([@BHV045C35]; [@BHV045C59]). Further work testing the effects of dendrite innervating interneurons in multiple recordings of synaptically connected cells in vitro could lead to a definition of these human cortical cell types.
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[^1]: ^a^Specimens used for neuronal population quantification.

[^2]: ^a^This antibody labels the Golgi apparatus in the soma where pro-CCK is processed and packaged for transport, and for simplicity the signal obtained is described in the text as CCK.

[^3]: s: soma; d: dendrites; a: axon; n.t.: not tested, n.a.: not available.

[^4]: \*In response to hyperpolarizing current injection.
